The calcitonin-gene related peptide (CGRP) is a primary afferent neurotransmitter in the trigeminal system. Although a neonatal administration of capsaicin eliminates substance P (SP)-mediated nociceptive responses to induce a permanent functional reduction in C-fibers, little information is available regarding changes in CGRP-immunoreaction in mice undergoing neonatal capsaicin treatment (CP mice). This study examined postnatal changes in the distribution of CGRP-immunoreaction in the trigeminal subnucleus caudalis and trigeminal ganglion of CP mice by immunohistochemical technique and a quantitative analysis. Immunohistochemistry for CGRP in the subnucleus caudalis (Vc) demonstrated two dense distributions of neurons in the CP mice as well as naïve mice: in the marginal layer and the region 400-600 μm deep. The quantitative analysis revealed no significant difference in the density of CGRP immunoreaction between naïve and CP mice 1-8 weeks of age. In the trigeminal ganglion of both groups, the size distribution of CGRPpositive neurons displayed a distribution pattern with one peak in 200-300 μm 2 at week 1 and with two peaks in 200-300 μm 2 and 600-700 μm 2 at week 8 but no significant difference in neural density existed between these regions. When double staining in the naïve mice with CGRP or SP and VR1, a capsaicin receptor, was done, many trigeminal ganglion neurons co-expressed SP-and VR1-immunoreactions, but rarely exhibited CGRP/VR1-co-localization. Taken together with previous data, these current observations suggest that CGRP containing afferent neurons possibly performs differing roles in nociceptive afferent input transmission within the Vc from SP-containing neurons in mice.
Calcitonin gene-related peptide (CGRP), widely distributed in central and peripheral nervous systems, has diverse functions including that as a primary afferent neurotransmitter. This neuropeptide is involved in nociception, as strongly suggested by experimental findings that a cyclooxygenese inhibitor attenuated a release of CGRP from the trigeminal nucleus caudalis (17) , and that a bath application of CGRP also produced a slow action potential in dorsal root ganglion cells (20) . Indeed, an intravenous administration of CGRP induces headache in migraineurs (19) . In addition to the nociceptive function, CGRP enhances excitations of wide dynamic range neurons caused by NMDA or AMPA receptor agonist, suggesting a nociceptive modulation role of CGRP (8) . Substance P (SP) is also a slow acting neurotransmitter that serves as a modulator of nociceptive transmission (36) . CGRP is released from Aδ-and C-fibers while SP is from C-fibers (3, 22, 23) .
capsaicin treatment inhibited SP-but not CGRP-induced release of glutamate from the primary afferents (18) . Taken together with these finding, we can readily propose the possibility of different effects of neonatal capsaicin treatment between SP-and CGRP-immunoreactions. However, little information is available on the effects of neonatal capsaicin treatment on CGRP-mediated reaction in the Vc.
A final goal of this study was to gain insight into CGRP as a neurotransmitter in trigeminal nociception. The present study was therefore undertaken to examine the response of CGRP immunoreaction to neonatal capsaicin treatment in the Vc and trigeminal ganglion (TG) during postnatal development by use of an immunocytochemical method and a quantitative analysis, as we have reported previously (1, 2) . A double labeling technique was also employed to address spatial distributional differences between VR1 and CGRP/SP within the Vc and TG.
MATERIALS AND METHODS
All the experiments in this study were approved by the Guidelines of the Intramural Animal Use and Care Committee of Niigata University (Approved number 161).
Animals and neonatal capsaicin treatment.
A total of 32 C57BL/6NCrj mice were used in this study. The animals were divided into two groups: naïve and CP mice (n = 16 for each group). Under anesthesia by inhalation of halothane vapor (Takeda Chemical Industries, Ltd., Osaka, Japan), the neonatal mice received a single subcutaneous injection of capsaicin (50 mg/kg) within 48 h after birth. The capsaicin (8-methyl-N-vanillyl-6-nonenamide, Wako Pure Chemical Industries, Ltd, Osaka, Japan) was dissolved in an emulsion of 10% ethanol and 10% Tween 80 in isotonic saline. Untreated mice served as the naïve group.
Tissue preparation. At a predetermined time (1, 2, 4 and 8 weeks; n = 4 for each age per each group), the animals were deeply anesthetized by an intraperitoneal injection of 8% chloral hydrate (400 mg/kg), and perfused transcardially with a fixative containing 4% paraformaldehyde and 0.2% picric acid in a 0.1 M phosphate buffer (pH 7.4). After the perfusion fixation, the medullary brain stem and trigeminal ganglia were immediately removed and immersed in the same fixative overnight. The tissue specimens were equilibrated in 0.01 M phosphate-buffered saline (PBS) containing 30% (w/v) sucrose solution The trigeminal subnucleus caudalis (Vc) plays an important role as a critical relay nucleus for the processing of nociceptive signals from the orofacial area as well as for nociceptive afferent input modulation mediated by descending inhibition to the Vc or by intrinsic neurons (29) . Immunohistochemical observations have shown almost similar distribution patterns of CGRP-immunoreaction between Vc and the spinal dorsal horn; CGRP-immunoreaction is much more densely distributed in laminae I and IIo except for being lower in lamina IIi in the Vc than in the spinal dorsal horn (4, 5, 11, 12, 14, 30, 35) . In addition, the distribution of SP-immunoreaction shows a similar pattern to that of CGRP-immunoreactivity in the superficial layers of Vc, except for that SP is less densely localized in lamina IIi than CGRP (1, 4, 30) .
Neonatal capsaicin treatment induces neuronal apoptosis in the dorsal root ganglion (31) , resulting in a reduction of neuropeptide level (24) . A systemic administration of capsaicin to neonatal animals caused attenuation of the nociceptive reflex against noxious chemical and thermal stimuli in their postnatal stage by an elimination of unmyelinated afferent fibers (6, 10, 13, 16, 37) . However, animals with neonatal capsaicin treatment displayed a re-appearance of SP-immunoreaction in the dorsal horn during the postnatal period despite the continuous suppression of nocifensive responses (12) . Although the neurotoxic effects of the systemic administration of capsaicin to neonatal animals had previously remained unclear, our immunohistochemical study revealed that neonatal capsaicin treatment induced a transient reduction of SP-immunoreaction in the marginal layer of the Vc at the age of 1 week with a subsequent return of its density to normal levels (2) . The neurotoxic effect of capsaicin on SP-containing neurons is initiated by binding a specific receptor called vanilloid receptor subtype 1 (VR1) on unmyelinated neurons (21, 33 ). An apparently different distribution of VR1-reactive nerve fibers exists between the dorsal horn and Vc; the dorsal horn exhibits many VR1-positive terminations in lamina IIi while the Vc has denser VR1-containing nerve fibers in laminae I and IIo (4), suggesting different effects of neonatal capsaicin treatment between them. In contrast to SP, there is less information on the effect of neonatal administration of capsaicin on changes in the distribution of CGRP immunoreaction; mice with neonatal capsaicin treatment (CP mice) reduced CGRP immunoreaction in laminae I, II, and V, which recovered to normal in dorsal horn at the age of 6 weeks (12) . Furthermore, neonatal (1 : 1,000, Chemicon International) or CGRP (1 : 1,000, Chemicon International) antibody. The sections were then incubated for 1 h at room temperature with a Cy3-conjugated donkey anti-rabbit IgG (1 : 500, Jackson Immunoresearch) and a FITC-conjugated donkey anti-guinea pig secondary antibodies (1 : 250, Jackson Immunoresearch).
Quantitative analysis of CGRP-immunoreactive area in the Vc. For quantitative analysis, the percentages of the CGRP-immunoreactive areas in restricted areas of the medulla were measured using a computer-assisted image analyzer (KS300; Carl Zeiss), as previously reported (1, 2) . Briefly, four sections per animal and per developmental stage were randomly selected (n = 4 per group for each developmental stage). Images at a magnification of ×25 were directly transferred to a computer. The sum of the immunoreactive areas was calculated every 43 μm deep from the border of the trigeminal spinal tract (Tr). The surface areas (μm 2 ; defined as the total area) were automatically calculated by an image analyzer. The depth was measured from the border between the Tr and the marginal layer (Mar) in the Vc, and the Vc was divided into the Mar, substantia gelatinosa (SG), and magnocellular layer (Mag), and an additional deeper zone, the medullary dorsal reticular nucleus (Ret). These defined surface areas were obtained by selecting 32 color gradients within the white-to-yellow range and subsequent erasure of the remaining unwanted non-Vc tissues. Since CGRP-nerve fibers were immunocytochemically stained in dark brown/black, the images were first converted in cyano-magenta-yellow black (CYMK) for color separation to leave only the stained nerves (two-value threshold treatment). The area occupied by the immunopositive nerves was then measured automatically by the image analyzer software. All measurements were performed blind by two observers and in duplicate. The averaged percentage ratios of the CGRP-immunoreactive areas to the total area were calculated and shown as the mean ± S.D. Statistical analysis of comparisons of the immunoreactivities at the same depth in the Vc among different groups was performed by one-way ANOVA. The null hypothesis was rejected whenever the statistical risk probability rated below 5% (p < 0.05).
Quantitative analysis of cross-sectional area of CGRP-positive neurons in trigeminal ganglion.
The cross-sectional area of CGRP-positive neurons in trigeminal ganglion (n = 3 per group at postnatal 1 and 8 weeks, n = 4) was calculated using an NIH overnight at 4°C for cryoprotection. The removed medullas and trigeminal ganglia were cut horizontally at a thickness of 40 μm and 14 μm, respectively, using a freezing microtome (FX-801; Yamato Kohki, Tokyo, Japan), collected in PBS, and treated as free-floating sections.
Immunocytochemistry for CGRP. Immunocytochemistry for CGRP using the avidin-biotin complex (ABC) method (15) was employed for the observation and quantitative analysis of the spatiotemporal distribution of neural elements as reported previously (1, 2). Briefly, after an inhibition of endogenous peroxidase with 0.3% H 2 O 2 in absolute methanol, frozen sections were treated with PBS containing 2.5% normal goat serum (Vector Lab., Burlingame, CA). The sections were primarily incubated with a polyclonal antiserum against CGRP (1 : 5,000, Cambridge Research Biochemicals, Cleveland, UK) overnight at room temperature. They were subsequently incubated with biotinylated goat anti-rabbit IgG (1 : 1,000, Vector Lab., Burlingame, CA) and then peroxidase-conjugated avidin (ABC kit; Vector Lab.) for 1 h each at room temperature. Final visualization of immunoreaction sites used 0.04% 3-3'-diaminobenzidine (DAB) and 0.003% H 2 O 2 in a 0.05 M Tris buffer (pH 7.6) with nickel ammonium sulfate (0.1%) intensification. The immunostained sections were thaw-mounted onto poly-L-lysinecoated glass slides, air-dried, and counter-stained with 0.03% methylene blue.
Double staining with SP and CGRP. For double staining of SP and CGRP, the sections were primarily incubated with a mixture of antisera against SP raised in a guinea pig (1 : 10,000, Chemicon International, Temecula, CA) and against CGRP raised in a rabbit (1 : 5,000, Cambridge Research Biochemicals) overnight at room temperature. They were subsequently incubated with FITC-conjugated donkey anti-guinea pig IgG for SP (1 : 100, Jackson Immunoresearch, West Grove, PA) or Cy3-conjugated donkey anti-rabbit IgG for CGRP (1 : 500, Jackson Immunoresearch). These immunoreacted sections were mounted onto poly-L-lysine-coated glass slides, cover-slipped with Vectashield (Vector Lab.), and examined with a fluorescent microscope (AxioImazer M; Carl Zeiss, Oberkochen, Germany).
Double labeling of VR1/SP or VR1/CGRP. TG sections were incubated overnight at room temperature with a rabbit anti-VR1 antibody (1 : 1,000, Chemicon International) and either a guinea pig anti-SP reactions (arrow in Fig. 1) were recognizable in the area around 500 μm depth from the border between the tract (Tr) and Mar. Other areas did not contain CGRP-immunoreactions. After postnatal 2 weeks, the neural density of the CGRP-immunoreaction in the Mar did not show remarkable change in 2-, 4-or 8-week old mice (86.0 ± 4.5% in 2-week-old, 65.1 ± 12.8% in 4-week-old and 71.1 ± 7.9% in 8-week-old) (Figs. 1 and 2) . CGRP-immunopositive nerve fibers also displayed a small distribution at around 500 μm depth, and this low peak remarkably decreased at postnatal 2 weeks in the Mag (Figs. 1  and 2 ). A few CGRP-immunoreactions remained in almost the same depth at postnatal 8 weeks (Figs. 1  and 2 ).
Effect of neonatal treatment with capsaicin on CGRP immunoreactivity
The CP mice did not exhibit remarkable changes in the distribution of the CGRP-immunoreaction and showed a similar distribution pattern to the naïve ones. Quantitative analysis also showed a similar neural density; 66.7 ± 16.0% in 1-week-old, 76.6 ± 15.1% in 2-week-old, 57.9 ± 15.0% in 4-week-old, and 67.8 ± 14.8% in 8-week-old mice. There was no significant difference between naïve and CP mice at the same age (Fig. 2) . In the region between 400 and 600 μm in depth, CGRP-immunopositive nerve structures displayed dendrite arborizations, which Image J 1.33 as we have reported previously (1, 2) . The CGRP-immunoreactive neurons with their nucleus were counted, and their size distribution was measured. The relative ratio of CGRP-labeled neurons to total trigeminal neurons per section (120-150 cell bodies per section) was also calculated at postnatal 1 and 8 weeks. Statistical analysis was performed between 1-and 8-week old mice in naïve and CP groups by ANOVA. A p value of less than 0.05 was considered a statistically significant difference.
RESULTS

Chronological changes in the distribution of CGRP immunoreactivity in naïve mice
Immunostaining with the CGRP antiserum demonstrated age-specific changes in the distribution of CGRP-immunoreactive nerve fibers in the Vc in naïve mice during the observation period (Fig. 1) . Due to the immature cyto-architecture, it was difficult to distinguish between the Mar and SG in the Vc of 1-week-old mice. However, these two areas could be clearly identified after 2 weeks.
In 1-week-old naïve mice, the densest distributions of CGRP-immunoreactions appeared in the Mar and SG of the Vc (79.5 ± 10.1%). CGRP-immunoreactions were slight in the Mag, compared with its superficial area. A very few CGRP-immuno- showed an almost disappearance with aging as observed in naïve mice. Although the density of the CGRP-immunoreaction in Mag of naïve mice was slightly higher than for the CP mice, the difference between these two groups at the same age did not reach to significant level because of very little distribution.
Double labeling with CGRP and SP in Vc
Double labeling with CGRP and SP demonstrated significant differences in the distribution pattern of these immunoreactions in the superficial layer between naïve and CP mice at 1 week old of age (Fig. 3) . In 1-week-old CP mice, although neuronal structures with SP-immunoreaction in the Vc decreased drastically as we have previously reported (2), CGRP-expressing nerve fibers did not show any significant changes compared with those in naïve mice, resulting in the presence of CGRP-immunoreaction without SP-immunoreactivity (Fig. 3) . At 8-week-old, CGRP-positive nerve fibers overlapped with SP-immunoreaction in the superficial area of the Vc, appearing in a similar distribution for both groups. No apparent distributions of CGRP-and SPimmunoreaction existed in the relative deep areas at this age.
Effect of neonatal capsaicin treatment on the size of CGRP-immunopositive trigeminal ganglion neurons
Many trigeminal ganglion neurons exhibited CGRPand SP-immunoreactions in both groups of 1-and 8-week-old mice (Fig. 4) . The means of cross-sectional areas of CGRP-positive trigeminal ganglion neurons in naïve and CP mice showed 212.2 ± 84.6 μm 2 and 245.3 ± 148.5 μm 2 in 1-week-old, and 403.0 ± 207.0 μm 2 and 404.0 ± 252.2 μm 2 in 8-weekold mice, respectively. No significant differences existed between both groups at each postnatal week but there were significant differences between 1-and 8-week-old mice in both naïve and CP groups (p < 0.05). This feature is different from SP-positive ganglion neurons in either group. That of SP-posi- 
DISCUSSION
The dense distribution of CGRP-or SP-immunoreactions in the superficial layer in the Vc and spinal dorsal horn does not change during the postnatal period in naïve mice (1, 7, 12, 25, 27) . However, disappearance of the SP-immunoreaction has been reported in the deep part of the Vc at an early age (1). The present study showed unchanged localization patterns of CGRP-immunoreaction in the deep part of the Vc as well as in the superficial layer during postnatal development, consistent with a report by Sugimoto et al. (30) . In contrast, Hammond et al. reported an aggregation of superficial CGRP-positive neurons and a disappearance of CGRP-positive neurons in the deep area of the spinal dorsal horn with aging (12), inconsistent with our present findings in the trigeminal system. This discrepancy suggests a possibility that the postnatal development variants exist between the spinal and trigeminal transmission systems.
In comparison with a transient reduction of SPimmunoreaction, little is known about the effects of tive ganglion neurons showed no apparent decrease postnatally in either group similar to our previous reports (1, 2) . Fig. 5 shows size distributions of the CGRP-positive trigeminal ganglion neurons in naïve and CP mice. The size distribution of CGRP-positive trigeminal ganglion neurons showed one peak pattern in 200-300 μm 2 without any difference between naïve and CP mice at 1week. However, CP and naïve mice at 8 weeks of age had two peak distribution patterns at 200-300 μm 2 and 600-700 μm 2 and no apparent difference observed between them.
Co-localization of SP/VR1 and CGRP/VR1 in trigeminal ganglion neuron of naïve mice
In naïve mice, many trigeminal ganglion neurons co-expressed SP-and VR1-immunoreactions. These neurons were comparatively small in size. However, occurrence of the co-localization of CGRP-and VR1-immunoreactions was rare in the trigeminal ganglion (Fig. 6) . VR1 is specifically expressed and distributed in cell bodies of small to medium-sized trigeminal ganglion neurons (11) . Current double staining with SP/VR1 and CGRP/VR1 in the trigeminal ganglion clearly demonstrated a rare occurrence of a co-localization of CGRP/VR1. This means that trigeminal ganglion neurons in the mice resist capsaicin treatment, leading to a normal postnatal development. However, this finding is inconsistent with a previous finding on CGRP/VR1 neurons being more abundant than SP/VR1 neurons in rats (4) . There are two explanations for this discrepancy: One is due to a different kind of species used as indicated by Szallasi and Blumberg (32); another explanation is different targets of capsaicin for sensory neurons. Since CGRP is contained in both myelinated Aδ and unmyelinated C fibers while SP is limited to unmyelinated C fibers (3, 22, 23) , SP-positive trigeminal ganglion neurons can be specifically damaged by neonatal capsaicin treatment. It is easy to consider that this immuno-expression pattern of VR1 in the trigeminal ganglion is also involved in the unchanged distribution of CGRP-immunoreaction in the superficial layer of the Vc in the CP mice.
It remains unclear whether or not neonatal capsaicin treatment affects nociceptive transmission mediated by CGRP in the Vc. A previous study has shown that capsaicin targets small trigeminal ganglion neurons with SP immunoreaction, suggested by a transient reduction of SP-positive nerve fibers in the Vc by neonatal capsaicin treatment (2) . Although SP-positive trigeminal ganglion neurons kept their cell size small with aging, the pattern of SP-mediated nociceptive reaction remained unchanged in the Vc throughout their life (28) . Furthermore, our observation of SP-NK1 receptor mediated neuronal excitation propagation in the Vc of the CP mice has suggested that neonatal capsaicin treatment could not affect the nociceptive transmission system via a CGRP release evoked by direct stimulation to primary afferents (28) . Since neonatal capsaicin treatment and postnatal development did not affect changes in cell size of the CGRP-positive trigeminal ganglion neurons with aging, CGRP-containing neurons possibly perform some different roles in nociceptive afferent input transmission within the Vc from SP-containing afferent neurons in mice.
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This work was supported by a Grant-in-Aid for Scientific Research from the Japan Society for the Promotion of Science (JSPS) (Nos. 15792068 and neonatal capsaicin treatment on the distribution of CGRP-immunoreaction in the Vc. The present immunocytochemical study, combined with a quantitative analysis, was able to demonstrate the absence of any apparent changes in the density of CGRP immunoreactions in the superficial layers of the Vc during postnatal 1-8 weeks incident to neonatal capsaicin treatment. In our previous report employing the same experimental model (2), the neural density of the SP-immunoreaction in the Vc of the CP mice reduced to about a quarter of that in 1-week-old naïve mice, but increased to three-quarters of that in the naïve mice in the superficial area after postnatal week 2. Previous reports have shown that neonatal capsaicin treatment induced a change in the distribution of neural elements (12, 30, 34) ; this treatment prevented a normal withdrawal of myelinated neural elements from the lamina IIo to the deeper laminae during postnatal development, resulting in CGRP-immunoreaction terminals remaining within lamina IIi (34) . This alternative withdrawal of central terminals of primary afferents has also been suggested in the CP rats (12) , and CGRP-positive nerve fibers were more densely distributed in lamina IIi than SP-containing nerves in the Vc (30) . Given that the withdrawal of myelinated afferent terminals from the deep area of lamina II to the superficial area occurs, CGRP-containing unmyelinated afferent terminals would remain in these layers because laminae I and IIo constitute the outward limit of the Vc. Therefore, one reason for such an unchanged distribution pattern might be due to a different distribution pattern of CGRP-and SP-immunoreaction in the superficial layer of the Vc.
The cell size also differed between the CGRPand SP-immunoreactive trigeminal ganglion neurons under the neonatal capsaicin treatment; postnatal changes in cell size of SP-and CGRP-positive neurons occurred without (2) and with (this study) significant difference, respectively. The cell size analysis demonstrated one-(1-week-old) and twopeak (8-week-old) distributions of CGRP-positive trigeminal ganglion neurons both in naïve and CP mice. The frequency of small CGRP-positive neurons was almost identical to VR1, a specific receptor for capsaicin, as reported by Murata et al. (20) . Although dorsal root ganglion neurons develop after birth (9), neonatal capsaicin treatment prohibited the occurrence of the unmyelinated SP-containing fibers-belonging to the category of large peak distribution-and left the myelinated fibers to develop to postnatal maturity, resulting in a small peak distribution remaining.
